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ABSTRACT 
The properties of the sprays produced by a 

ing streams of nonreactive fluids were utilized 
pair of unlike imping- 
as the design basis for 

a series of eight injectors having distinctively different specifications. 
Particular emphasis was placed on the use of available information 
and the development of new techniques, where required, to permit 
quantitative description of the mass and mixture-ratio distributions 
produced by each injection scheme. Methods of describing the mass- 
distribution model of an element are presented in detail, together with 
the properties of injector orifices, the jets they produce, and the com- 
bined flows provided by each injector. This information is being uti- 
lized as a basis for correlating iniection schemes with combustion - .  
phenomena. 

1. INTRODUCTION 

The design of injection systems for liquid-propellant 
rocket engines has historically been an artful process 
based on experience and intuition. Although this pro- 
cedure has succeeded in satisfying the requirements of 
current propulsion systems, it has leaned heavily on the 
compromise of performance characteristics and on long 
and expensive development efforts. Since the space age 
is in its infancy, many additional systems and hence 
injection schemes will be required as this effort grows. 
It is clear, therefore, that a sound, logical basis for the 
design of injection systems would be invaluable. 

When stripped to its bare essentials, the usual problem 
facing the rocket injector and/or engine designer con- 
sists simply of specifying a piece of hardware that will, 
in a very efficient manner, convert the chemical energy 

stored in a liquid propellant (or propellants) into the 
thermal energy of the reaction products. It is also usual 
to require that the conversion process be achieved in a 
minimum volume, that it be easily controlled, and that it 
be extremely reliable and reproducible. It is therefore 
obvious that the accomplishment of these objectives is 
dependent on the designer’s having at his disposal suf- 
ficient quantitative information to allow him to control, 
through injector design details, those parameters that in- 
fluence the combustion phenomena. 

Thus, if it is determined that an efficient reaction is 
dependent on the mixture ratio at which the reaction 
proceeds, the designer must be able to predetermine and 
control the Zocal mixture ratio. Obviously, control of the 
overall or gross mixture ratio is insufficient in itself, since 
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the reaction requires mixing to a relatively small scale- 
ultimately, to the molecular level. Similarly, if it is deter- 
mined that the efficiency of the reaction is dependent on 
the mean particle size of the injected propellant, the 
designer must be able to predetermine the required par- 
ticle size and then to specify the particular injector con- 
figuration that will produce that particle size. This 
procedure must be continued until all the significant 
parameters are considered. 

The one singular fact that evolves from this assessment 
of the problem is that the only parameters available to 
the designer are of a geometrical nature and are con- 
tained within the physical configuration of the injector 
and chamber. It therefore follows that the designer must 
utilize these parameters to control, not the combustion 
process, but only the prereaction situation achieved be- 
fore combustion actually takes place. Since neither injec- 
tor nor chamber (i.e., their geometrical properties) enters 
into the combustion process, and since it is assumed that 
combustion will proceed in identically the same fashion, 
regardless of the scheme used to achieve particular pre- 
reaction conditions, then it must be concluded that there 
is no unique correlation between injector geometry and 
combustion, and that an intermediate correlation with 
the prereaction conditions is essential to a logical design 
procedure. Thus, although it is clear that the ultimate 
objective is to achieve efficient combustion, the relative 
success of an injector design is more dependent on the 
designer’s ability to correlate, first, the geometric param- 
eters at his disposal with those parameters that are sig- 
nificant to the prereaction situation and, subsequently, 
this prereaction situation with combustion phenomena. 

A. Significant Properties of the frereaction Zone 

A complete and general description of the combustion- 
chamber environment is probably impossible; but, if one 
concentrates on those prereaction properties that are 
directly relatable to the injection scheme, it is possible 
to limit the so-called significant parameters to the mass- 
flux distribution, the local composition as exemplified by 
the local mixture ratio, and (to the extent that multiphase 
components exist) the local droplet-size distributions. 
Further, if the characterization of the relatable chamber 
properties is restricted to the so-called prereaction vol- 
ume (i.e., the volume whose properties are dominated 
by the geometry and hydrodynamics of the injection 
scheme), then the significance of these several terms can 
be summarized as indicated below. 

1. Mass Distribution 

The term mass distribution refers to the distribution of 
axial mass flow rate for a cylindrical chamber with one- 
dimensional flow. This parameter serves to define the 
relative concentrations and, on an absolute scale, should 
presumably define the maximum tolerable concentrations 
for any given propellant combination. Control and speci- 
fication of this parameter provide a basis for achieving 
uniformity in local concentrations and, hence, in axial 
mass flux in a chamber. Also, when the’injector is a com- 
posite of a number of essentially identical elements, the 
properties of the element can be used to construct 
the gross injection characteristics. This procedure can be 
utilized to obtain a prescribed injection pattern (i.e., mass 
distribution) since, in most cases, it is simpler to “organ- 
ize” the mass distribution of a number of small elements 
to conform to a particular chamber geometry than it is 
to fabricate suitable chamber boundaries to suit the mass 
distribution of a small number of elements (i.e., one or 
two). 

2. Mixture-Ratio Distribution 

This parameter is simply a measure of the degree of mix- 
ing uniformity achieved by the injection processes. Pre- 
sumably, the ideal situation from a chemical-combustion 
viewpoint is attained when a predetermined mixture ratio 
(Le., peak performance or its equivalent) is achieved on 
a molecular scale in a minimum time and/or space. For 
most engine applications, however, it is probable that a 
scale of mixing substantially coarser than molecular is 
sufficiently small. 

3. Particle-Size Distribution 

This property of the propellant is important whenever 
heat transfer to the propellant surface is the dominant 
mechanism in elevating the propellant to an exothermic 
(self-sustaining) reaction temperature. Monopropellant 
systems are certainly contained in this category, whereas 
highly hypergolic systems, with reasonable mixing in the 
liquid phase, can achieve the required reaction tempera- 
ture without relying on heat transfer from the reaction 
products and hence may be unaffected by changes in 
droplet-size distributions. 

B. The Hypothesis 

Although it is reasonable to expect that combustion will 
affect all spray properties to some degree, the fact re- 
mains that such effects are simply additional variables 
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and serve only to mod* the detailed properties of the 
prereaction environment. Thus, injection into a combus- 
tion environment does not alter the possibility that the 
overall characteristics of the prereaction region mav be 
deduced from the properties of the injected sprays. Fur- 
ther, at least for those systems utilizing relatively non- 
hypergolic propellants, or single-component sprays, where 
combustion effects can be considered negligible (insofar 
as the initial propellant distributions are concerned), the 
characteristics of the injection scheme can be determined 
directly from sprays produced by similar element con- 
figurations used with nonreactive fluids. Thus, one is led 
to the hypothesis that it is possible to utilize readily at- 
tainable nonreactive-spray information as a logical basis 
for injector design. 

In an effort to provide a portion of the information 
required as a basis for this design concept, this author 
has studied experimentally the properties of sprays pro- 
duced by a pair of unlike imFinging jets of nonreactive 
liquids. The single pair of unlike impinging streams was 
the configuration chosen for these studies because (1) it is 
widely used as an elemental injector component (hence, 
the so-called injector element); (2) it has the potential of 
substantially enhancing the mixing of unlike fluids; and 
(3) it is the simplest of a large family of impinging-stream 
elements (such as the coplanar-symmetrical-triplet, the 
symmetrical-quadruplet, etc.). The results of these studies, 
summarized from time to time in the bimonthly JPL 
publications, were presented in detail in Refs. 1 and 2. 
In addition, one of the earliest attempts to apply mass- 
distribution data to the combustion problem was reported 
in Ref. 3. Thus, a substantial amount of information on 
the simulated nonreactive properties of propellant sprays 
was available, but the hypothesis stating that these prop- 
erties were relevant to conditions in a combustion cham- 
ber had not been tested. Before continuing efforts to 
describe the prereaction zone in a combustion chamber 
in this manner, it was essential that the applicability of 
the hypothesis be demonstrated. 

It should be clear that, if such a hypothesis could be 
verified, its real significance would lie in the ability to 
predict a priori a prereaction environment that would 
be controlled by the specified geometrical and hydraulic 
properties of the injection scheme. Although the approach 
should be applicable to any required specification, it 
seemed that its worthiness could be best demonstrated 
by attempting to achieve near-optimum performance with 
an arbitrarily chosen propellant system at a reasonable 
thrust level. Since, in rocket engines, maximum relative 
performance also implies a chamber-volume limitation, 

it was presumed from strictly intuitive arguments that 
a uniform mixture-ratio distribution, as well as a uniform 
mass-flux distribution should be achieved within a mini- 
mum axial length Hence, the injectors designed to these 
specifications became known as C7nifom Mass and 
Mixture-Ratio Distribution (UMMR) injectors. It was in- 
tended that the performance characteristics of such 
injectors would be compared with schemes which did not 
achieve these objectives, and also with those for which 
one or more of the s igdcant  variables were degraded to 
a measurable extent. In order to minimize the complexity 
of these experiments, hypergolic propellant systems were 
used throughout, so that droplet-size distribution was not 
included as an injection parameter. 

C. Program Scope 
To accomplish the objectives outlined above, an experi- 

mental program was initiated at this Laboratory early 
in 1955. The interim results of this effort were reported 
at the JANAF Meeting in New Orleans in 1959 (Ref. 4). 
Substantial portions of that initial publication have been 
reproduced here, in some cases verbatim, so that the 
pertinent arguments and essential background informa- 
tion would be assembled in a single volume. This is par- 
ticularly true with respect to the description of the 
nonreactive properties of injection schemes and their re- 
lation to the combustion process. The objectives of that 
initial program were, however, broadened considerably 
to include (1) extension of the demonstration to a num- 
ber of different propellant combinations; (2) application 
of the concepts to the design of large-scale elements; 
(3) a cursory investigation of combustion instability; 
and (4) an attempt to correlate the injection scheme with 
boundary phenomena in the chamber. This effort ulti- 
mately resulted in the design and evaluation of eight 
injectors, in addition to the so-called Corporal' injector, 
which was used as a datum reference (Section 111). The 
properties of these injectors, as determined with non- 
reactive fluids, are presented here. The evaluation of the 
combustion phenomena associated with these injectors 
is covered in Parts I1 to VI11 of this Report (Refs. 5 to ll), 
which present, respectively, discussions of the experi- 
mental techniques and instrumentation, the gross per- 
formance characteristics, the relation of the injection 
pattern to chamber heat transfer, the combustion-stability 

'The designation Corporal refers to a ballistic missile developed by 
JPL for the Army Ordnance Corps under contract DA-04495- 
Ord-18. Corporal propellants are mixtures of nitric acid and nitric 
oxide as oxidizer, and analine, furfuryl alcohol, and hydrazine as 
fuel. See Section 111. 
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correlations, the starting-transient effects, the performance 
achieved by high-flow-rate elements, and the perfor- 
mance attained with the pentaboranehydrazine propel- 
lant combination. 

D. Liferature Review 

A search of the literature on injection schemes appli- 
cable to rocket engines reveals almost immediately that, 
in contrast to the hypothesis outlined above, the prime 
effort has been expended on obtaining a direct correla- 
tion between injector gcometry (usually a word descrip- 
tion of the element type, number, and placement) and 
gross combustion effects (i.e., c* and Z8); only rarely is 
any consideration given to the hydrodynamic properties 
of the injector elements and the prereaction configuration 
resulting therefrom. In particular, it is clear from Refs. 1 
and 12 to 15 (for example) that the short sharp-edge ori- 
fices fed by extremely complex flows, as incorporated in 
nearly all injection schemes described in the literature, 
will produce jets whose properties are unpredictable, 
unknown, and uncontrolled, and therefore can be ex- 
pected to have only a superficial relation to the geometri- 
cal properties of the orifice. It follows, therefore, that the 
really significant prereaction parameters, such as mass 
distribution, mixture-ratio distribution, and drop-size dis- 
tribution, will be only superficially related to injector 
geometry. “Misalignment,” for example, as deduced from 
measurements of the hole centerlines, is apt to be a mean- 
ingless parameter insofar as the real jets are concerned. 
Also, as a consequence of a distorted momentum profile, 
the “effective” misalignment may be many times the value 
determined for the centerlines. 

In this author’s view, these observations are pertinent 
to nearly all the attempts to achieve correlations between 
injection schemes and combustion that have to date ap- 
peared in the literature. Admittedly, recognition of the 
significance of jet properties will not in itself provide 
the desired correlations, but will certainly assist in pro- 
moting the controlled experiment essential to defining 
a correlation. 

In those instances where the investigator does concern 
himself with the hydraulic properties of the injector, the 
interest usually stems from the system viewpoint, rather 
than from a desire to control conditions in the combus- 
tion chamber. Typical of this effort are the studies re- 
ported by Wright (Ref. 16), who investigated the flow 
characteristics (i.e., the discharge coefficients) of short 
sharp-edged entry orifices obtained by drilling a hole in 

a flat plate. This geometry is very popular for rocket in- 
jectors because of the apparent simplicity of manufazture. 
Although it is true that such data can produce informa- 
tion suitable for specifying time-averaged flow rates, and 
that this information is essential for correlating engine 
system characteristics, it is extremely doubtful that it can 
be used to provide the injector-design correlations that 
are required. 

Noteworthy exceptions to the situation outlined above 
are the contributions of Heidman, et al. (Ref. 17), who 
used relatively long glass tubes2 for orifices in studies of 
the fluctuations in sprays formed by a pair of impinging 
water jets and, later (Refs. 18 and 19), employed long 
metal tubes in studies of dropsize distributions and spatial 
characteristics of impinging-stream sprays. However, 
these investigators were not concerned with unlike 
streams and, hence, with mixture-ratio distributions in 
such sprays. Ryan (Ref. 20) evaluated the mixture ratio 
of individual drops formed by such sprays (finding them 
“essentially equal” to the gross mixture ratio throughout 
the range of his determinations, which included sizes as 
small as 75p), but did not attempt to identify spatial prop- 
erties of the spray. Also, he utilized a pair of sharp-edged 
orifices which, as indicated in Ref. 14, have several desir- 
able features, but produce jets which are extremely sus- 
ceptible to upstream disturbances. 

In a somewhat different approach to the problem, 
Ingebo (Refs. 21 to 24) has adopted the viewpoint that 
correlation of the prereaction environment with combus- 
tion phenomena does not necessarily depend on the 
geometrical properties of the injection system if the 
significant parameters can be determined directly in a 
combustion chamber. Although it would appear, even in 
this case, that the achievement of a truly “steady” injection 
process might be extremely helpful, conceptually at least, 
this does not appear to be necessary if the experimental 
techniques are sufficiently sophisticated. As indicated in 
Refs. 21 to 24, Ingebo has evaluated drop-size distribu- 
tions, evaporation rates, and heat-transfer rates to drops 
(rather than mass and mixture-ratio distributions) under 
actual combustion conditions. This, of course, is an excep- 
tionally difficult experimental approach and, from the 
design viewpoint, must eventually provide a correlation 
between the observed spray properties and injector 
geometry. As indicated above, the latter step may be 
extremely difficult if jet properties and orifice geometry 
are not uniquely related. 
~ 

2Precision-bore glass tubing, 2 in. long, with inside diameters of 
0.025, 0.040, and 0.057 in. 
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This very brief review of the literature includes only a 
few of the published reports considered most pertinent 
to the present investigations, and is certainly not complete. 
More comprehensive bibliographies are given by DeJuhaz 
in Ref. 25 and by Marshall in Ref. 26. In summary, it can 
be stated that the greater part of the available informa- 
tion relating injector configuration to combustion per- 
formance has proved to be unsuitable for injector-design 
purposes because the hydrodynamic properties of the 
injection scheme were inadequately controlled and/or 
specified. This situation excludes any possibility of corre- 
lating such schemes with the prereaction situation and, in 
many instances, completely invalidates attempts to cor- 

relate injection and combustion. Thus, one of the prime 
objectives of the effort reported here was to incorporate 
in the injector designs the features necessary to control 
jet characteristics and the dominating spray properties: 
i.e., the local mixture-ratio distribution and the local 
axial-mass-flow-rate distribution. If this could be accom- 
plished, the application of such a design concept would 
be assured. To this end, the information found in Refs. 
1, 2, and 14 was used almost exclusively as a basis for 
specifying and evaluating these parameters. These studies 
are briefly reviewed to acquaint the reader with the 
underlying ideas and concepts, and to provide a basis 
for the extension of these concepts as presented here. 

II. DETERMINATION OF SPRAY PROPERTIES W I T H  NONREACTIVE FLUIDS 

The significant properties of sprays can best be visu- 
alized by refemng to Fig. 1, which incorporates several 
pertinent photographs, together with an artist’s concep- 
tion of six of the more basic injector elements. These 
sketches are intended to show that, despite certain obvi- 
ous merences, the prime objective in every case is to 
achieve some degree of controlled mixing with a partic- 
ular mass distribution; and, further, that in every case the 
element depends on the hydrodynamic properties of free- 
liquid sheets or jets to accomplish this objective. The 
control of these properties is prerequisite to the control 
of mass and mixture-ratio distributions. It should also be 
noted at this point that, once the required properties of 
an injection scheme have been defined, any or all such 
elements could be utilized to achieve those requirements. 
It is only because the properties of sprays formed with 
unlike impinging streams have been evaluated in some de- 
tail that this element was utilized in these investigations. 

Figure l(b) shows two views of a spray produced by 
impingement of a pair of nearly identical water jets. I t  is 
seen that the bulk of the spray is concentrated about a 
-resultant momentum line” and has (at least in this case 
of identical jets with equal momenta) a nearly elliptical 
cross section. Now, if a collector of the type shown in 

Fig. l(c) is exposed to such a spray for a reasonable time 
interval, a series of samples such as those shown in 
Fig. l(d) can be obtained. In this case, the vertical height 
of the sample in each tube is proportional to the local 
mass flow rate at a different position within the spray and 
is, therefore, a direct evaluation of the mass distribution 
produced by the spray. In addition, if the injected fluids 
are immiscible, they will separate after the sample is ob- 
tained (as indicated in the photographs). It is thus possible 
to determine the relative flow rates at a particular point in 
the spray and hence to obtain the local mixture ratio 
which, together with additional samples, obviously yields 
the mixture-ratio distribution. 

A great deal of this kind of information was obtained 
with the carbon tetrachlorid&water system, in order to 
simulate the density ratio of Corpora2 propellants. These 
data have been utilized to produce a correlation of a 
quantity vm, known as the mixing factor, with the gross 
dynamic properties of the two jets (Refs. 1 and 2). The 
mixing factor is expressed by 
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0 

where 

0 0.391 
0 0.261 

I 

K = area correction factor = A,/A, 

A, = local area represented by sample, in.' 

A, = tube area = 0.0227 in.? 

ti, = total local flow rate of spray 
= (&la -I- k 2 s ) e , R >  lb/sec 

9 = local mass-fraction ratio of spray 

+, = nominal mass-fraction ratio of spray 

= tt)28/(tt)18 + &8) @,E 

= G z c t / ( G l c t  + c 2 c 1 )  

n = number of samples in which + < do 
ii = number of samples in which 

+ is designated as 4 because 
+ > +o 

Thus, the mixing factor is essentially a summation of 
the mass-weighted value of the difference between the 
local mass-fraction ratio and the nominal mass-fraction 
ratio, which has been modified to yield limiting values of 
0 and 100. In at least one sense, it can be imagined to 
represent the percentage of the total spray that has 
achieved the intended mixture ratio. 

Figure 2 (taken from Ref. 2) shows the correlation re- 
sulting from this effort, which has been used as the basis 
for the conclusion that (within the limitations of the 
experiments) the most uniform mixture-ratio distribution 
is achieved in the spray produced by a pair of impinging 
streams when the products of fluid density, velocity 
squared, and jet diameter are equal for both streams, or 
when 

6, V: d, - = 1.0 
82 Vf d, 

This quantity has become known as the uniformity cri- 
terion, although it should more appropriately be termed 
the mixture-ratio or mixing-uniformity criterion to dis- 
tinguish it from mass-flux uniformity. 

If, in addition to the usual mixture-ratio specifications, 
it is required that the element satisfy this mixing- 
uniformity criterion, then the orifice diameter ratio and 
the jet velocity ratio for any given propellant system are 
defined, respectively, by Eqs. (c) and (d) of Fig. 2. If it is 
further assumed that the total flow rate for the element 
Gel is determined from other considerations, then Eq. (e) 
of Fig. 2 must also be satisfied. Obviously, then, the addi- 
tional arbitrary choice of one velocity or one diameter 

A 0.655 AND 0.656 
0 0.592 
0 0.439 I 

8, V I 2 d l  

6 2 VZ2 d2 
I +  ~ 

For the moximum value of T~ (Le., neor-uniform f 

distribution), the uniformity criterion is expressed by 

and, by definition, 

( 0 )  

(b)  

Therefore, combining Eqs. (a )  ond ( b )  gives 

and 

For o particular flow rote, 

Note also thot, for design conditions where f r  61, 
82, and 4 / d 2  satisfy the uniformity criterion, 

PI 4 
p2 d2 

- = -  

where P is momentum per second. Thus, for ony given 
injector, the volue of r which satisfies the uniformity 
criterion is expressed by 

Fig. 2. A correlation of mixing factor and uniformity 
criterion and derivation of pertinent equations 
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will determine all other values. In any event, when Eqs. 
(c) and (d) are satisfied, the element will produce a spray 
having a near-uniform mixture-ratio distribution, SO that 
at least that aspect of the design can be delineated. 

It has been shown that similar correlations are possible 
for the coplanar-triplet element and certain other element 
geometries (Refs. 27 and as), but, experimentally at least, 
the mixing-uniformity criterion tends toward the same 
relative level: i.e., vm,,,, = 85 to 90. Thus, any advantages 
to be derived from the use of these relatively complex 
elements must stem from some other consideration. 

Unfortunately, no simple way of characterizing the 
mass distribution of the spray produced by an element 
has been devised. This problem is particularly difficult, 
since such distributions tend to be strong functions of 
the relative geometry and dynamic properties of the jets, 
even when they satisfy the mixing-uniformity criterion, 
as well as the included angle between the jet centerlines, 
(impingement angle), which has a relatively small effect 
on mixing uniformity (Ref. 1). Thus, in designing a com- 
posite injector, it has been necessary to specify the im- 

pingement angle on a nearly arbitrary basis and then to 
utilize experimental information obtained with an actual 
injector element similar to the proposed design. This pro- 
cedure is permissible, since the geometrical properties of 
the sprays produced by a pair of jets having similar 
impingement angles, orifice diameter ratios, and jet ve- 
locity ratios tend to be insensitive to scale and absolute 
levels of mass flow rates (Ref. 1). It is possible, therefore, 
to approximate the mass distributions of a proposed ele- 
ment from other data that may be available (e.g., from 
the experimental data used to determine the mixing 
correlation). 

It can now be seen, at least for the case without com- 
bustion, that such data provide (1) a means of obtaining 
a near-uniform mixture-ratio distribution of the injected 
propellants, and (2) a means of predicting and controlling 
the axial-mass-flow-rate distributions in a chamber of 
arbitrary cross section. Therefore, if it could be shown 
that these parameters unquestionably characterize the 
“early-combustion” region of an actual combustion cham- 
ber, then the hypothesis would be verified, and the 
parameters could be utilized as a logical basis for injector 
design. 

111. EXPERIMENT TO TEST THE HYPOTHESIS 

The validity of using these parameters to characterize 
the prereaction configuration of an actual combustion 
chamber was determined by the design and evaluation of 
a series of injectors incorporating the pertinent nonreac- 
tive-spray characteristics to varying degrees. Since it was 
expected that the injectors would exhibit different per- 
formance characteristics (if, in reality, the truly significant 
parameters had been chosen for evaluation), it was essen- 
tial that the combustion experiments have a sound datum 
plane for comparison. These reference data could have 
been produced as part of this program; however, a rather 
extensive development program, conducted by JPL on 
the Corporal propulsion system, had failed to realize 
the full potential of the propellant system. Thus, it 
seemed reasonable to adopt the design criteria estab- 
lished for the Corporal engine, but to require in addition 
that the injection scheme produce near-uniform mixture- 
ratio and axial-mass-flux distributions as inferred from the 

properties of nonreactive sprays. If such a design should 
produce near-optimum performance, it could then be 
argued that the hypothesis had been verified. The achieve- 
ment of appreciable performance improvement would be 
particularly significant in view of the considerable de- 
velopment effort already expended in attempts to achieve 
that objective. On the other hand, failure to achieve per- 
formance improvement would be inconclusive, since the 
assumption that high performance is uniquely related to 
uniformity of mass and mixture-ratio distributions might 
not be valid. Similar demonstrations with other design 
objectives would be essential to a more general proof of 
the hypothesis. 

The final development version of the injector for the 
Corporal engine (Fig. 3) incorporated 52 pairs of unlike 
impinging jets, arranged to produce two concentric rows 
of impingement points tending to concentrate the injected 
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.\OUTLINE OF 
(Typ) L 361 tn 

BAFFLE FOR 
RMIR TESTS 

I 
i b 

Fig. 3. Hydraulic and geometric characteristics of Corporal Injector, Type 1. (a) Fuel jets. (b) Oxidizer jets. 
(c) Combined flow. (d) Injector face. (e) Side view of injector, showing manifold. 

(f) Element and manifold geometry 
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fluids in an annular section of the combustion chamber. 
The mass distribution achieved by this injection scheme 
was highly nonuniform and, hence, was admirably suited 
to a comparison with the so-called uniform axial-mass- 
flux distribution. Also, for the peak-performance mixture 
ratio (Le., 2.13), the orifice diameters were such that the 
value of the mixing-uniformity criterion was considerably 
less than 1.0. It was clear that substantial changes in both 
the mixing effectiveness and the uniformity of mass dis- 
tribution could be achieved while retaining all the gross 
operating conditions for the engine, and that a reasonable 
demonstration of the hypothesis should be possible. 

A number of other considerations influenced this choice 
of a reference system: (1) a large number of reference 
data, as well as a substantial amount of suitable hard- 
ware, were already available; (2) the propellants were 
hypergolic, so that the influence of droplet-size distribu- 
tion was minimized (Section I-A-3); (3) the injector 
element incorporated a pair of unlike impinging jets for 
which many nonreactive-spray data were already avail- 
able (Section 11). Also, the choice of a particular injector 
configuration permitted specification of a number of 
otherwise variable parameters: for example, the number 
of injector elements, the impingement angle (and there- 
fore a particular mass distribution for the element), the 
propellants, and, by retention of the motor and nozzle 
geometry of the uncooled version of the Corporal system, 
the thrust level. 

Since some changes in the details of the orifices would 
be required for conformance with the uniformity cri- 
terion (at reasonable mixture ratios), it was decided on a 
strictly arbitrary basis to retain, insofar as possible, the 
oxidizer orifice diameter used in the Corporal injector and 
hence the same oxidizer jet velocity. Thus, the major 
modification of the element would be in the fuel-jet prop- 
erties (i.e., velocity and diameter) and ultimately in the 
placement and scale of the elements. 

A prime objective of the investigation was a direct 
comparison of the performance characteristics of the 
Corporal system with an injector intended to produce 
near-uniform mass and mixture-ratio distribution. It was 
also pertinent, however, to obtain a comparison with 
several intermediate injector modifications in order to 
determine, if possible, the relative significance of mass 
distribution, mixture-ratio distribution, and the contribu- 
tion (if any) of controlled injector hydraulics. Also, since 
the Corporal injector had achieved peak performance at 
a mixture ratio of 2.13, which is substantially different 

from the mixture ratio for peak theoretical performance 
(i.e., 2.80), it was essential that the mixture-ratio effect be 
determined. 

To this end, four injectors having an element geometry 
and orientation similar to those of the Corporal injector 
were designed, evaluated, and compared with a fifth 
model intended to produce near-uniform mass and 
mixture-ratio distributions in the same chamber config- 
uration with the same propellant combination. These four 
“Corporal-like” injectors included designs intended to 
duplicate the centerline geometry of the Corporal orifices, 
but using modified orifice geometry and manifolding so 
as to obtain stable jets with symmetrical and similar 
velocity profiles. 

For two of these injectors, the fuel orifice diameters 
were decreased to satisfy the mixing-uniformity criterion 
at mixture ratios of 2.13 and 2.80. One consequence of this 
modification was a substantial change in the p-angle 
(the true angle between the resultant momentum line for 
the spray and a perpendicular to a plane normal to the 
chamber axis). Since variations in the p-angle had been 
associated with significant changes in performance during 
the Corporal development effort, it was also necessary to 
distinguish any effects due to changes in the p-angle per 
se. Therefore, the other two injectors were made geo- 
metrically similar to those described above, except that 
the element was “rotated” about its impingement point 
so that the resultant p was identical with that of the 
original Corporal design. A two-point check would thus 
be obtained on the influence of changes in mass dis- 
tribution resulting from changes in p with no change in 
mixture-ratio distribution, and the performance char- 
acteristics of these injectors could be compared with the 
so-called UMMR injection scheme. 

In an effort to determine, in a preliminary way, the 
extent to which the “scale” of the element (i.e., the thrust 
level per element) would influence the gross performance 
characteristics of an engine, a sixth injector configuration 
was also proposed in which the scale was increased by 
approximately one order of magnitude. As will be seen, 
the ultimate design incorporated six elements rather than 
five, in order to provide a more nearly uniform axial-mass- 
flux distribution. To verify the demonstration with a sig- 
nificantly different propellant system (N,O, + N,H,), two 
additional designs were subsequently created (one in- 
jector for each scale) in an effort to achieve near-uniform 
mass and mixture-ratio distribution with elements having 
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approximately the same thrust as those designed for the 
Corpora2 propellants. 

Thus, eight different injector designs, intended to 
optimize conditions for two different propellant combina- 
tions at two element scales and to evaluate the significance 
of the /?-angle for a particular injector geometry, were 
completed and subsequently tested. As noted above, only 
the nonreactive mass and mixture-ratio distributions of 
these several injectors, as inferred from similar properties 

of an individual element together with certain dynamic 
characteristics of individual jets, are discussed here; their 
performance characteristics and an updated performance 
evaluation of an actual Corporal injector are presented in 
Refs. 5 to 11. The pertinent dimensional details of the 
uncooled Corporal engine, together with a photograph of 
a typical thrust-stand installation, are shown in Fig. 4. 
Additional test-stand and instrumentation details may be 
obtained from Ref. 5, and the performance characteristics 
of the several engine configurations from Refs. 6 and 10. 

ENGINE CONSTANTS 

A, =47.15 i n 2  
E =4.57a e 
E= = 2.030 

C = 1.410 A Cd=1.362 

ASSUMPTIONS: 
y = 1.25 

pc = 300  SKI 

p o =  13.5 psia 

C, = 0.985 
F=19,300 Ib 
L*-40 in. 
CHAMBER DIAMETER= 11.06 in 

Fexp 

X = 0.984 (15 deg) 

Fig. 4. Typical test-stand installation for uncooled Corporal engine 

IV. INJECTOR DESIGN PROCEDURES 

A. Specifications 

The design specfications for the Corporal injector and 
the eight experimental models utilized in these studies 
are summarized below, and the pertinent geometrical 
constants are presented in Table 1. The various experi- 
mental designs are designated as RMIR Injectors 1 to 8, 
refemng to Rocket Motor Znjection Research, the title of 
the experimental project under which the effort was 
funded. 

Corporal Injector (T!ype 1 ). Figure 3 presents a sketch 
of the significant geometrical details of this injector, 
together with several photographs of the actual injector 
and high-speed-flash photographs of the jets and sprays 
that it produces. This design was characterized by an 
annular array of 52 unlike-impinging-stream elements 
incorporating relatively short orifices combined with rela- 
tively long free-jet lengths. Considerable attention was 
given to minimizing manifold volumes. As noted above, 
the “design” mixture ratio r (i.e., the mixture ratio that 
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Table 1 .  Design specifications for RMlR Injectors 

RMlR Injectors Corporal 
Injector 
(Type 11 
J-360 

SFNA" 
Corporal 

fuel' 

1.550 

1.073 

2.1 3 

52 

1.95' 

N.A. 

Injector 3 
J-374 

Injector 4 
5-376 

Design conditions' Injector 2 
1-375 Injector 6 

Injector 1 
J-373, 
J-371 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.13 

Injector 5 Injector 7 

NzO4 
NzHr 

1.450 

1.010 

1.20 

Injector I 

NzOr 
NzHi 

1.450 

1.010 

1.20 

Propellants 
Oxidizer 
Fuel 

Specific gravity 

~ 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.80 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.80 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.80 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.80 

52 

SFNA 
Corporal 

fuel 

1.550 

1.073 

2.13 

52 

Oxidizer ($) 
Fuel (T) 

Mixture ratio 

Number of elements 52d 52 6 47 6 52 

1.85' 

85.0 

1.85' 1.749 13.6g 1.85' 

85.0 

16.53* 

85.0 

1 .95e 

76.3 

1.95' 

76.3 

rL per element, Ib/sec 

Mixing factor q m b  85.0 73.6 70.6 

Element geometry 
Impingement angle a, 

Oxidizer orifice 
diameter, in. 

Fuel orifice 
diameter, in. 

Oxidizer free-jet 
length, in. 

Fuel free-jet 
length, in. 

Oxidizer iet velocity, 

Fuel jet velocity, fps 

deg 

fPS 

Element orientation 

44 

0.173 

0.140 

1.770 

1.478 

84.2 

100.8 

44 

0.173 

0.118 

0.692 

0.472 

84.2 

148.0 

44 

0.173 

0.118 

0.692 

0.472 

84.2 

148.0 

44 

0.173 

0.0986 

0.692 

0.394 

86.5 

137.6 

44 

0.173 

0.0986 

0.692 

0.394 

86.5 

137.6 

44 

0.173 

0.0986 

0.692 

0.394 

86.5 

137.6 

44 

0.509 

0.289 

2.036 

1.156 

89.3 

141.8 

80 

0.402 

0.402 

1.608 

1.608 

93.2 

108.3 

45 

0.173 

0.173 

0.692 

0.692 

64.2 

73.5 

Oriented to achieve near-uniform mass- 
distribution at the model plane 

(see Figs. 17 to 20) 

Two annular rows of impingement points, with plane 
of orifice centerlines on radii (see Fig. 16) 

/3 angle 

5 angle 
P, IPS" 

2"03' 

-7057' 

0.4864 

5040' 

-4'20' 

0.6844 

000' 
000' 
1 .oo 

~ 

000' 
000' 
1 .oo 

2"05' 
-4'20' 

0.6844 

2.461 
to outer 

row, 
2.479 

to inner 
row 

Not eval- 
uated' 

Con- 
toured 
face' 

Not eval- 
uated' 

-6"18' 

0.5677 0.5677 

Chamber geometry' 
Distance from station 0 

to impingement 
point, in. 

~ 

1.079 

3.37 

-0.688 

0.223 

2.461 
to outer 

row, 
2.479 

to inner 
row 

Not eval- 
uated' 

Con- 
toured 
face' 

Not eval- 
uated' 

2.461 
to outer 

row, 
2.479 

to inner 
row 

Not eval- 
uated' 

Con- 
toured 
face' 

Not eval- 
uated' 

1.142 

2.13 

0.142 

0.090 

Distance from im- 
pingement point to 
model plone, in. 

Distance from station 0 
to injector face, in. 

Gmaz at nozzle en- 
trance: Ib/sec-in.* 

.Toto1 thrust E 20,000 Ib; p, = 300 prio; p, 
bSFNA: 83.5% HNO, + 13% NO, + 3% H,O + 0.5% HF (by weight). 

dAlso run with 49 elements (see Ref. 8). 
'Based on c'/c*,,, = 0.92. 
'Bored on C * / C ' , ~  0.95. 
gBased on [ 1 8 1 e z p  = 245 sec. 
"Relative to resultant momentum line. 
'Station 0 i s  upstream end of chamber. 
JSimilar to RMlR Injectors 3, 4, and 5 
kNorrle entrance at station 16.45 in. 
'Volume-average station = 1.107 in. 

13 5 psia. 

eCorporal fuel: 46.55%C6H,0, t 44.54% C,H, . NH, + 7.13% N,H, + 1.78% H,O (by weight). 
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produced maximum experimental performance) was 2.13, 
while the mixture ratio for peak theoretical performance, 
based on equilibrium characteristic exhaust velocity c* 
with Corporal propellants, was approximately 2.80. 
(Theoretical performance data for the Corporal propel- 
lant system were taken from Ref. 29.) It should also be 
noted that the relatively poor control of the dynamic 
characteristics of the Corporal injector jets does not allow 
a meaningful inference regarding its mass or mixture-ratio 
distribution. 

RMZR Znjector 1.  This design was geometrically similar 
to the Corporal injector, but was modified to (1) produce 
fully developed turbulent jets, which were hence stable, 
similar, and reproducible (Section 1-B); (2) provide a 
free-jet length of 4  diameter^;^ (3) satisfy the mixing- 
uniformity criterion at r = 2.13; and (4) maintain an 
oxidizer-jet mean flow rate identical with the value for the 
Corporal. As noted above, these changes resulted in 
a different P-angle from that produced by the Corporal. 

RMZR Znjector 2. This model was geometrically similar 
to Injector 1, above, except that the resultant momentum 
angle P of the element was made identical with that of 
the Corporal by “rotating” the element about its impinge- 
ment point in the plane of the stream centerlines. 

RMZR Znjector 3. This model was geometrically similar 
to Injector 1, except for modification of the fuel-orifice 
diameters to satisfy the mixing-uniformity criterion at 
r = 2.80. 

RMZR Injector 4. This injector was geometrically simi- 
lar to Injector 3, except that the resultant momentum 
angle P was made identical with that of the Corporal by 
”rotating” the element about its impingement point in the 
plane of its centerlines. 

RMZR Injector 5. This design also had 52 elements and 
the same element geometry (i.e., impingement angles, 
orifice diameters, etc.) as Injectors 3 and 4. It therefore 
satisfied the uniformity requirements for r = 2.80, but was 
modified by revision of the element location to achieve 
near-uniform axial mass flow rate (as well as uniform 

’A free-jet length of 4 diameters was chosen as a “best compromise” 
for minimizing the free-jet length while assuring that the “standing 
wave” formed by impingement did not extend upstream as far as 
the orifice exit. The data of LeClerc (Ref. 30) indicate that an 
appreciable pressure associated with the wave is still apparent at 
distances of 2.5 diameters. Hence, a 4-diameter free-jet length 
should assure a negligible interaction. 

mixture-ratio distribution), as inferred from nonreactive- 
spray properties. 

RMZR Injector 6. This codguration was designed for 
the same element geometry (except the required change 
in or&ce diameters), propellant combination, and total 
thrust level as those used in Injector 5, but was modified 
to reduce the number of elements by nearly an order of 
magnitude (i.e., to S), while maintaining the oxidizer 
jet velocity constant. 

RMZR Znjector 7. This injector contained approximately 
the same number of elements and produced the same total 
thrust level as Injector 5, but had the element properties 
required to produce near-uniform axial-mass-flow-rate 
distribution and mixture-ratio distribution with the pro- 
pellant combination N,O,-N,H,; the impingement angle 
and oxidizer jet diameter for Injector 5 were retained. 

RMZR Injector 8. The geometry of this model was 
similar to that of Injector 7 except for Q and the dimen- 
sional scale, since the number of elements was reduced 
by nearly an order of magnitude (Le., to 6). The same 
oxidizer jet velocity was retained, but the impingement 
angle was modified to decrease the maximum value of 
the axial mass flux produced by the injector element, 
insofar as was possible within the other design constraints 
of a cylindrical chamber, the axial resultant momentum 
line, etc. (Section V-A and Ref. 10). It should be noted 
that this last requirement represented an effort to evalu- 
ate, in a very limited sense, the influence of the absolute 
level of local axial propellant flow rate on combustion. 

B. Determination of Element Configuration 

The procedure used in satisfying these specifications 
was really a three-step process. Once the propellant com- 
bination and mixture ratio were chosen, the first step was 
to use the correlation of Ref. 2 (see Fig. 2) to specdy the 
orifice diameter ratios and velocity ratios. Since the oxi- 
dizer orifice diameter and jet velocity and the impinge- 
ment angle were specified, it was a straightforward 
process to compute the fuel orifice diameters necessary 
to satisfy the mixing-uniformity criterion. This then 
assured (within the limits of the original correlation) that 
the mixture-ratio distribution would be as nearly uniform 
as it is possible to achieve with a single pair of impinging 
streams. For convenience, the following paragraphs sum- 
marize the calculations required for RMIR Injector 5. 
(The basic design procedures are presented in detail in 
Ref. 2.) 
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1. Specified Test Conditions for RMIR Injector 5 

The propellants, element geometry, chamber geometry, 
and thrust level specified for tests of RMIR Injector 5 
were as shown below. (See Nomenclature for mathe- 
matical notation.) 

a. Propellants. The specified propellants were SFNA 
and Corporal fuel. For SFNA, designated in these calcu- 
lations by the subscript 2, the specific gravity (Ref. 31) 
was 

- 8 2  = 1.550 (7) 
8 tu 

The nominal composition (Ref. 31) was 0.835 HNO, + 
0.13 NO, + 0.03 H,O + 0.005 HF = 1.0 SFNA. 

For the Corporal fuel, designated here by the subscript 
1, the specific gravity4 was 

-- 81 - 1.073 (7) 
8 ZL’ 

The nominal composition (Ref. 31) was 0.4655 C,H,O. 
CH,OH + 0.4454 C,,H,. NH, + 0.0713 N,H, + 0.0178 H,O 
= 1.0 Corporal fuel. 

b. Element Geometry. In conformance with the speci- 
fications noted in Section 11-A, the elements for Injector 
5 were of the 1-on-1 impinging-jet design. 

c. Chamber Geometry. Unless otherwise specified, the 
chamber geometry for tests of Injector 5 was as shown in 
JPL Dwg. 6-118183. 

d.  Thrust Level. The nominal thrust level was set at 
20,000 lb. 

2. Assumed Gross Properties for RMIR Injector 5 

values were assumed: 
To establish the flow rate per element bel, the following 

Then 
. (47.5) (300) (32.17) 

0.95 N c ih we1 = 

where N is the number of elements. 

Injector 5 required 52 elements (i.e., 52 pairs of unlike 
impinging jets). It was also specified that the oxidizer 
orifice diameter d, = 0.173 in., to conform with Corporal 
design; that p = 0 deg, hence being axial at the design 
value of T;  and that (Y = 44 deg. 

It was necessary to choose a value for r that would 
maximize the characteristic exhaust velocity c*. Hence, 
from the theoretical data of Ref. 29, 

r = 2.80 

cr,, = 5025 ft/sec 

at that value of r. 

The diameter ratio was then computed from Eq. (c), 
Fig. 2, as 

1.550 

= 0.5677 

Similarly, from Eq. (d), the mean-velocity ratio was 
determined as 

= (- 1.550 2.80) 5i 

1.073 

= 1.59 

A, = 47.5 in.: 

pcef,  = 300 psia 

From the values given above, 

d,  = (0.173) (0.5677) = 0.0984 in. 

= 1.847 lb/sec 
482550 

= (52) (5025) ‘From unpublished JPL data, 1953. 
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so that, with Eq. (e), 

576 Gfl 
zdj 8 ,  (1 + r)  v, = 

- - (4) (1.847) (144) 
z (0.0986)' (1.073) (3.80) (62.3) 

= 136.5ft/sec 

Hence, 

v, = 86.Oft/Sec 

The element orientation was then determined for the 
momentum ratio as given by 

= 0.5677 Pi - di - _ -  
P, d, 

for the geometry and r value satisfying the mixing- 
uniformity criterion, and for as given by 

= -tan-' (0.1097) 

Thus, the angle between the oxidizer-orifice centerline 
and the axis was determined as 

a - + 5 = 15"42' 2 

and the angle between the fuel-orifice centerline and the 
axis was 

a - - 5' = 20"18' 2 

The element configuration determined by these calcu- 
lations is summarized graphically in Fig. 5. Similar 
calculations for the other injector designs and propellant 
combinations yielded the specifications listed in Table 1. 

JET I .- JET 2 
(OXIDIZER) 

a - + 5 = 15O42' 2 

V , =  136.5 ft/sec j 3 
IMPINGEMENT POINT 

-/-RESULTANT MOMENTUM L .INE 
FOR AXIAL ALIGNMENT 
p.00 

T~ = 80 f 5%, EXPECTED PER 
REF. 2 

77, = 85 01, MEASURED WITH 
SIMULATED ELEMENT 
(JAIVIN'S DATA OF 
NOVEMBER IO. 1959) 

P 
i 
PR 

Fig. 5. Geometrical properties of element for 
RMIR Injector 5 

C. Nonreacfive-Spray Properties of lniedor 
Elements 

With the element geometry and %ow rates established, 
the second step in the design was to determine the mass 
and mixture-ratio distributions produced by a particular 
element configuration, and the third step was to utilize 
them in devising the required injection scheme. As noted 
above, it was necessary to resort to actual experimental 
results for this determination. The design data used to 
predict the mass distributions for RMIR Injectors 1, 2, 
and 8 were based on results that had previously been 
evaluated in the course of the experimental studies re- 
ported in Refs. 1 and 2.5 Since the absolute diameters of 
the orifices forming these elements were smaller than 
those used for the final designs, the mass-distribution 
analogs obtained for these injectors were based on an 
extrapolation for element scale. For Injectors 3, 4, 5, and 
6 (i.e., optimum design for Corporal propellants), the 
mass and mixture-ratio distributions were reevaluated by 
sampling the spray from the intended element geometry 
for Injector 5 and using fluids simulating the densities of 
the Corpora2 propellants (Jaivin's data, prescnted here in 
Figs. 6 to 9). Even in this case, the available sampling 

These and similar data are available at JPL to any interested 
person. 
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TEST CONDITIONS 
a 44 de¶ I V I ~  = 0 329 I b/rec DATA OBTAINED NOVEMBER 10 1959 SIMULATED m A L  PROPELLANTS 

L/d * 100 12.1 = 0921 Ib/rsc 

w,, - I 250 I b/Me 

PLOTTED FOR SPHERICAL SU'RFAC~ tLi:L:i;; R$M*A~SdT;I~iVF~EALONG 

G* = % / A 0  OXIDIZER = 0 173 In , = ? a n  

(cc14 + KEROSENE AND ZnClp) 

ORIFICE DIAMETER 7 m - 8 5 0 1  
FUEL = 00986 In 

- -- 
G,,.,,~ = 29,271 x 10-5 SPRAr T IME = 0 85 sec 

30 .00q l  I I I I 1 I I I I I I I l l  I I , , l  I l l 1  I I I I l l  I I I l l  I I I l l  1 1  

C-ARM TUBE NUMBER A-ARM TUBE NUMBER - 
> 3 o , o o o 1  - I I I I I I I I I I I I I I I I I I I iini -7 I 1 I 

** 
. G=O.2745 - 

0 2600 

25,000 

I 10.000 

00360 / I 5  deg -,, \,\-I, 
5,OW 

0 
20 15 10 5 0 5 10 I S  2 0  

-0 I ii-,% 

0-ARM TUBE NUMBER D-ARM TUBE NUMBER 

Fig. 6. Mass flux on a spherical surface a t  various angles of rotation about resultant 
momentum line for element of R M l R  Injector 5 
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PLANE OF JET CENTER LINES MASS FLUX, CUMULATIVE MASS 

d2/d1 = 1.755 GB = 585 xlo-5 95 .O 
GI = 3,098 82 .0  
G2 = 4,895 76 0 
G3 = 6,854 70 . 0 

W2/5i.1 = 2.80 

Gs = 10,771 48.5 
4 4 . 3  
37 .0  
30 . 5  

OX1 DlZER 16 . O  
9 . o  

Ib/(in2sec) FLUX CONTAINED WITHIN 
( Ib/sed8/ BOUNDARY, ‘10 

Gq = 8,8 I 4  54 .3  

FUEL 

IEWED ALONG 
RESULTANT MOMENTUM 
LINE 

MASS-FLOX VALUES NORMALIZED TO we, = 1.0 Ib/sec 0 I 
DISTANCE FROM IMPINGEMENT POINT = 6.0 in. 

(A8 / )6 ,n ,  = 16.90 in.2 

I 1 

INCHES 

Fig. 8. Three-dimensional analog of mass-flux distribution on a plane surface for R M l R  Injector 5 

scheme was flow-rate-limited, so that the nonreactive 
mass and mixture-ratio distributions were based on a 
flow rate representing approximately 70% of the design 
value for Injector 5 and only 7% for Injector 6. However, 
previous experiments had shown that flow rate alone 
( i.e., A p  or “kinetic energy,” as discussed in Ref. 1 ) had a 
small effect on relative mass distributions (of the order of 
1% for the extrapolation required for Injector 5 ) ,  and it 
was assumed that this would also hold for extrapolation to 
the very-high-flow-rate elements used in Injectors 6 and 
8. In a similar fashion, the mass and mixture-ratio dis- 
tributions for the element configuration proposed for 
Injector 7 were evaluated (Gerbracht’s data, presented 
here in Figs. 10 to 13) with fluids simulating the 
N,O,-N,H propellant combination. Here, too, the ele- 
ment flow rate was limited to approximately 63% of the 
design flow rate. 

These two sets of data were used to produce the mass 
and mixture-ratio distributions for the single elements of 
Injectors 5 and 7, as portrayed in Figs. 6 to 13. The 
original values of mass flux vs position along a great circle 
of the sampling surface were first plotted as shown in 

Figs. 6 and 10, where each set of values is represented by 
a faired curve giving a “best-fit” approximation to the 
experimental data. These curves were then used to locate 
lines of constant mass flux on the spherical surface for 
those great circles on which data had been obtained. A 
second curve fairing was required to generate the con- 
tours shown in Figs. 7 and 11 as orthographic pro- 
jections along the resultant momentum line from the 
spherical surface to a plane. These contours, taken as 
representative of the mass distribution of the spray, 
were utilized in subsequent manipulations of the data 
where additional resolution of the mass distribution was 
required. 

The contours shown in Figs. 9 and 13 represent the 
lines of constant local mass-fraction ratio (Le., mixture 
ratio) and clearly indicate the variations in that parameter 
which existed in the spray. Note that the spatial properties 
of mixture-ratio distribution were obtained by extrapolat- 
ing along radial lines from an impingement point to the 
x-y plane that is perpendicular to the resultant mo- 
mentum line and located 6 in. from the impingement 
point. The spray boundary, as superimposed on the mix- 
ture-ratio curves in these Figures, is also located in that 
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TEST CONDITIONS 
MTA OBTAINED MARCH 6. 1959 SIMULATED CCWOQAL PROPELLANTS n = 45 dag 

ORIFICE DIAMETER I,,, = 7 3 6 4  

SPRAY TIME = 0 5 see 

wlel = 0 493 Ib/r.c 

w2,/ = 0 609 I b/ssc L/d = 100 

6 s  %/Lo OXIDIZER = 0 173 in r . 1 2 3  
Gmz = 3 7 . 8 3 5  x IOw5 

PLOTTED FOR SPHERICAL S U R ~ C E  
WITH 6-1" RADIUS VIEWED ALONG 

(CC14 +KEROSENE AND ZnC12) 

FUEL = 0 173 In  w,/ = I 102 Ib/rsc 
RESULTANT MOMEN~UM LINE 

40,wo 

30.000 

20,003 

10.000 

D 
s! 
x 

15 IO 5 0 5 IO I5 20 
- 0  

C-ARM TUBE NUMBER A-ARM TUBE NUMBER 
..... 
>40,0001 1 I I I I I I I I I I I I I I I I I I I I I I I I I !  I I I I I I I I I I I 1 1  

20 15 I O  5 0 5 I O  I5 20 
B-ARM TUBE NUMBER D-ARM TUBE NUMBER 

Fig. 10. Mass flux on a spherical surface a t  various angles of rotation about resultant 
momentum line for element of R M l R  Injector 7 

plane and indicates the iso-mass line that includes 95% 
of the total mass flow of the spray (Section V-A). In Fig. 
9, which represents the element utilized in the design of 
Injectors 3, 4, 5, and 6, two regions of high local mixture 
ratio symmetrically located about the plane of the stream 
centerlines are significant features of this distribution. In 
Fig. 13, however, which represents the element for In- 
jector 7, it is seen that, characteristically, the contours 
are parallel lines which are generally perpendicular to the 
plane of the stream centerlines. In both cases, the so- 
called penetration phenomenon (i.e., fuel-rich in the area 
of spray across the resultant momentum line from the fuel 
source) along that plane of symmetry is apparent. 

The comparable distributions obtained for the elements 
of the other injectors were, of course, somewhat different. 
However, insofar as the application of the element geome- 
try to the integrated design is concerned, these distribu- 
tions were sufficiently similar to those discussed above 
that it was considered permissible to omit them from this 
presentation, except as they were characterized by the 
mixing factor (Table 1) and, in the case of mass distribu- 
tion, as they were incorporated into the multi-element 
design for the injector. 

Although the mass-flux distributions produced by these 
elements appeared to be adequately represented by the 
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GI = 4,571 
do, / d f ” d  = 1 .oo Gz = 7,145 

iox/Wfue/ = 1.20 G3 10,003 

6 5  = 15,720 
66 = 18,577 
G7 21,437 
Ga = 24,293 

~oxpfueI = 1.434 
64 = 12,862 

75.7 
67.0 
56.4 
47.5 
40.0 
33.0 
26.3 
19.5 

t 
OX I DI ZER 

DISTANCE FROM IMPINGEMENT POINT= 6.0 in. 
(Ae/ )e ,I, = 16.00 in.‘ 0 I - 

INCHES 

VIEWED ALONG RESULTANT 
MOMENTUM LINE 

Fig. 12. Three-dimensional analog of mass-flux distribution on a plane surface for R M I R  Injector 7 

graphs of Figs. 7 and 11, a “three-dimensional model” of 
such distributions was also devised, wherein the photo- 
graphic-transmission density of a negative is proportional 
to the axial mass flux. It was intended that this model 
would provide a quantitative description of the mass dis- 
tribution achieved in a combustion chamber and, within 
limits, would be useful in representing local mass fluxes 
from the combined flows of several elements. The model 
was used extensively in characterizing the integrated 
mass-flux distribution of complete injectors, and also pro- 
vided a guide to element placement for injector designs 
intended to produce near-uniform mass distributions. 

Photographic reproductions of these analogs (i.e., as posi- 
tives, rather than negatives) for the elements used in 
RMIR Injectors 5 and 7 are presented in Figs. 8 and 12. 
The techniques and procedures utilized in generating 
these models are summarized in the discussion which 
follows. 

D. Preparation of the Mass-Distribution Model 

As noted above, the local mass flux G, on a spherical 
surface can be obtained directly from the experimental 
sampling of a spray when the fluid densities are known 
(Section V-C and Refs. 1 and 2). For our purposes, these 
faired data were then read at 5-deg intervals (or less 
when the increment of contour length between coordi- 
nate points appeared large) for each of some 20 contours 
for which values were chosen to give approximately equal 
“radial” spacing. A table of coordinates for each contour 
was prepared from these readings. 

In order to extrapolate these data to a new spherical 
radius, it was assumed that the influences of gravity and 
aerodynamic drag on the spray were negligible, so that 
the spray particles would travel along radial lines emanat- 
ing from the impingement point. The local mass flux at 
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some new distance L along any given line would then be 
given by 

where 

GL = mass flux at a distance L from the impingement 
point 

G, = mass flux at the distance sampled (6 in.) 

'It is noted that GL, like G,, is a point value (based on an 
average value determined by experiment) at the new dis- 
tance, so that the mass flux in a new direction (for ex- 
ample, in a direction parallel to the resultant momentum 
line on a plane located at a distance LR, from the impinge- 
ment point) is simply given by 

where 

Gp = mass flux on a plane perpendicular to the result- 
ant momentum line, located 6 in. from the point 

L R ~  = distance from the impingement point to the plane, 
along a line that includes the point from which 
G, is obtained 

u = true angle between the resultant momentum line 
and the path of the particle 

The geometry for this extrapolation is illustrated in Fig. 
14. It is obvious from the Figure that this extrapolation 
of the original contours resulted in a set of contours that 
are variable in Gp; thus, it was again necessary to inter- 
polate along radial lines (contained in the plane perpen- 
dicular to, and emanating from, the resultant momentum 
line) for the coordinates of particular values of G,, in 
order to identify contours representing lines of constant 
mass flux in the plane. In this case, however, the values 
for the contours were chosen to give a number of desira- 

NOTE: 

WITH STREAM I ON LEFT: 
I. 5 IS POSITIVE FOR CLOCKWISE ROTATION OF 

2. MOMENTUM IS TAKEN AS POSITIVE FOR 
BISECTOR RELATIVE TO PR. 

DIRECTION OF X -COMPONENT O F  
STREAM I. 

HENCE, IF P, < P,, THEN r '$ NEGATIVE, AND 

5 =tan- '  

VIEW OF SPRAY SEGMENT FOR 8.0 deg 

I 

Fig. 14. Geometrical properties and nomenclature for a spray element 
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ble features to the mass-distribution model. To this end, 
the following arbitrary determinations were made: 

1. It was reasonable to a s m e  that the relative mass 
distribution would be independent of flow rate, so 
that the local mass flux could be normalized by 
dividing by the sample flow rate; hence, the con- 
tour identification would bear a simple relationship 
to any element flow rate. 

2. The model would be a stepwise variation in the 
transmission of the film density, in which each step 
would represent an “average” value of local mass 
flux directly proportional to density. 

3. The proportionality factor between optical density 
and mass flux would be established from an arbitrary 
value of G,, taken as the arithmetic average of a 
‘‘reference” value GR and G,i,,. For this purpose, G ,  
was taken as the value of G, that bounds 10% of the 
cumulative mass fraction of the spray, and Gm,  as 
the value of the axial mass flux on a plane obtained 
by extrapolating, along the radial line from the im- 
pingement point to the plane, the maximum value 
observed on the spherical surface. Thus, G,, = 
(GR + Gm,)/2 the value of G, that is proportional 
to Dmm Then, if Di - i is the optical density of the in- 
crement bounded by the ith and ith contours, one 
may write 

Gi-j 

Di - j - GR + Gmaz 
D,,, 2 
-- 

so that 

4. The boundaries between mass-flux increments would 
be located at values of G, representing an average of 
the two adjacent increments, so that 

or 

5. A possible exception to assumption 3, above, would 
be the outermost boundary, which was always taken 
at the value of G,  which bounded 95% of the total 
mass flow for the element. 

6. The outermost increment would be represented by 
the “minimum” density of which the film was 
capable. 

7. Unless otherwise specified, the model would in- 
corporate a total of 11 increments, so that 

Note, however, that any other method of assigning 
“density” (hence, average mass flux) to each incre- 
ment would be equally suitable, and that conditions 
3, 4, and 5 are consistent only when 

where GB is the value of mass flux at the spray 
boundary (see condition 4 for the case where the 
density outside the boundary is taken as zero). Also, 
in general, G, ,  (the boundary of the maximum den- 
sity increment) is not equal to GR. 

The normalized values of GB and GR were taken from 
a curve of the weighted cumulative percent of mass flow 
to the plane vs G,, as shown in Fig. 15. This curve was 
obtained by considering that the point values of G,, 
determined from the extrapolation of G ,  to the plane, 
would then represent an area on the plane bounded by 
two radial lines (emanating from the resultant momentum 
line and equidistant from the two lines on which data 
were available) and two concentric circles having radii 
equidistant from the point in question and the two data 
points adjacent to it on the same radial line. Thus, multi- 
plication of G,) by that area gave the total mass flow 
through that area, so that, by first collating the resulting 
mass flows in ascending sequence in G, and then continu- 
ously summing, the data could be presented in the form 
shown. Once this curve was obtained, it was possible to 
choose the values of G,  (i.e., GB and GR) that included 
given fractions of the total mass flow of the spray; or, 
conversely, to relate any given G ,  with a given mass frac- 
tion of the spray. As shown in Figs. 8 and 12, this value 
was then used to identify a given contour. 

The basis having thus been specified for defining the 
increment boundaries that would yield the desirable fea- 
tures for the model, it was then necessary to devise a 
photographic-reproduction process that would achieve the 
density analog in the final transparency. A number of 
different schemes were tried, but only one was really 
successful: first, the boundaries were defined as noted 
above, and then each increment was “painted with a 
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r GB = 0.006 I 2  I I I I T i I I 

RMlR INJECTOR 7 

DATA OBTAINED BY GERBRACHT, MARCH 6, 1959 
PLOTTED FOR PLANE SURFACE. 
6 in. FROM IMPINGEMENT POINT 

G2 = 0.07145 

I SIMULATED N204-NzH4 PROPELLANTS 
r G x  0.10003 (CC14 AND H20) 

75.7 

ORIFICE DIAMETER 
FUEL = 0.173 in. 

- 1  - = X I 1  - I OXIDIZER = 0.173 in. 

1 I I I I I 

IO0  

XTRAPOLATED FROM DATA OBTAINED BY RUPE, 

6 in FROM IMPINGEMENT POINT 
80 APRIL I I ,  1951; PLOTTED FOR PLANE SURFACE, - 

60 ORIFICE DIAMETER - 

FUEL = 0052 in 
OXIDIZER = 0 0 5 2  in 

4 0  

20 

0 
0 0 04 0 08 0 12 0 16 0 20 0 24 0 28 0 32 

NORMALIZED VALUE OF Gp, [Ib/(sec in211 /(lb/sec),l 

Fig. 15. Weighted cumulative percentage of mass flow to a plane vs local flow rate per unit 
area for elements of R M l R  Injectors 3 to 8 
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“cartoon color”6 that would provide the appropriate trans- 
mission density in the final transparency. This was the 
only technique found that could: (1) produce the mini- 
mum density of which the film was capable, thus limiting 
the outer increment of the model to a reasonable area; 
(2) provide, together with step (l), a reasonable value of 
film gamma, which is required if successive steps are to 
be differentiated (i.e., achievement of a high ratio of 
Dmaz/Dmin); and (3) provide density increments that are 
reasonably equal. 

This scheme also circumvented any linear density- 
exposure requirement for the emulsion, since variations 
could be compensated for in the model. It was found that 
adequate reproducibility in density (k0.02) could be 
achieved with: (1) Eastman commercial film, exposed to 
blue light for 1.0 sec at f:22 with an intensity of 250 ft-c, 
and (2) development in “D-19 at 68°F for 5 min b y  a 
nitrogen-burst method. 

It was also found that equal density increments were 
readily achieved by first evaluating transmission densities 
corresponding to a series of paint grades varying from 
black to white, and then mixing appropriate grades to 
produce the desired result, on the assumption that linear 
interpolation of composition was permissible. 

Thus, using as an example the element for Injector 5 
(after normalizing the element flow rate to 1.0 lb/sec), 

G ,  = 0.2317 lb/Sec-in.’ 

and, from Fig. 15, 

Gs = contour enclosing 95% of total mass flow 

GR = contour enclosing 104; of total mass flow 

lb/(sec in.’) 
(Ib/sec),l 

= 0.19912 

Then, with Eastman commercial film exposed as noted 
above, 

Dmin = 0.09 

Dm,= 0.85 

so that 

Computation of the appropriate values of G, for each 
boundary and the average value for each increment from 
the equations and conditions noted above resulted in the 
values indicated in Fig. 15. These, of course, were the 
values used in the interpolation for the coordinates of Gp 
which ultimately yielded the contours and, hence, the 
mass-distribution analog presented in Figs. 8 and 12. 

E.  Mass Distributions for Multi-element 
In jecfion Schemes 

It will be remembered that the model described above 
was constructed from the information provided by a 
single element, as determined on a plane located at a 
given distance from the impingement point in a given 
experiment, and the intent was that it be suitable for 
illustrating mass distributions for multi-element injection 
schemes. Thus, in order that the model be applicable to 
the final step in the design, it must be capable of repre- 
senting daerent “scales” of both flow rate and area. 

Experiments have shown that both mass and mixture- 
ratio distributions are relatively insensitive to flow rate 
and, in fact, that the local mass flux for a given element 
configuration is directly proportional to total flow rate for 
the element. It should be clear that this holds true only 
for elements with similar geometrical properties, as well 
as similar dynamic properties of the jets. Thus, as noted 
above, the local mass-flux distribution produced by similar 
elements can be normalized by dividing by total flow rate. 
Conversely, the absolute levels of G appropriate to some 
new flow rate can be obtained by multiplying the indi- 
cated values by the new flow rate per element. This would 
give the new mass flux at the same dlstance from the 
impingement point. 

When it is desired to obtain the relative distribution at 
some new station along the resultant momentum line, it 
can be assumed that the particles travel radially from the 
impingement point. In that case, the local mass flux varies 
inversely as the square of the distance from the impinge- 
ment point, whereas the area enclosed within the spray 
boundary varies directly with the square of the distance. 
Thus, once a set of mass-distribution data is available, a 
new distribution can be obtained from the relation 

*Paints of the type used for artwork of animated cartoons are avail- 
able, for example, from Cartoon Color Company, 9398 Culver 
Blvd., Culver City, Calif. 
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where 

G,, = local mass flux at new station 

Gs = local mass flux of sample 

Get = new mass flow of element 

ti, = sample mass flow of element 

LRp = distance from impingement point to location of 
Gw 

LE8 = distance from impingement point to location of 
G, 

Note that both LEs and L E p  are distances measured along 
a single line emanating from the impingement point, and 
that G,, and G8 are, in general, located at different radial 
distances from the resultant momentum line. Thus, 

where L,/L,, = Rs/R,, = LRa/LRmp; L,, is the perpen- 
dicular distance from the impingement point to the plane 
perpendicular to the resultant momentum line that in- 
cludes %,; and R, and 0 are, respectively, the distance 
and angular coordinates of G, (see Fig. 14). 

This latter characteristic of the spray was utilized to 
generate the analog of the mass-flux distribution at the 
so-called model plane of the injector. The model plane is 
defined as the axial station at which the boundary of the 
mass-distribution model for one element encloses an area 
equal to 1,” times the area of the chamber cross section, 
and is usually identified by its distance from the impinge- 
ment point. In the ideal case, if the element areas could 
be fitted together like the pieces of a jig-saw puzzle 
bounded by the chamber wall, they would, at that station, 
just fill the chamber cross section. Further, if the axial- 
mass-flux distribution for each element were uniform, 
then the axial mass flux for the chamber (at that station) 
would also be uniform. Obviously, the location of the 
model plane for a given element configuration will vary 
with the number of elements in a given chamber, as well 
as with the chamber cross-sectional area. In addition, for 
a given chamber geometry, the magnitude of the local 
mass flux at that station will vary with total propellant 
flow rate. 

As may be seen in Section V, the achievement of the 
above-mentioned ideal (i.e,, uniform) mass distribution 
with a finite number of elements is next to impossible in 
a practical sense, because of the nonuniformity of mass 
distributions produced by real sprays and the difficulty of 
achieving a truly homogeneous injection scheme. How- 
ever, at least for multiple-element injectors, “secondary” 
mixing always occurs as the spray continues to diverge 
from its point source, so that the distribution can be 
modified as the propellant proceeds down the chamber. 
As indicated in Ref. 10, the required “combustion length” 
can be related to this changing axial-mass-flow-rate dis- 
tribution; although the data are sketchy, it appears that 
the attainment of uniform mass flow (and hence concen- 
trations) is prerequisite to high performance in a mini- 
mum combustion volume. 

In practice, the axial-mass-flux distribution for each in- 
jector is obtained at the model plane by proceeding in the 
following manner: 

1. Determine the mass distribution produced by the 
required element spraying nonreactive fluids. Use 
actual scale and propellant densities, if possible. 

2. Construct a three-dimensional analog of the axial 
mass flux for one element, as described in Section 
IV-D. 

3. Prepare an appropriate number of these mass- 
distribution analogs at the scale appropriate to the 
model plane. 

4. Assemble a composite model corresponding to the 
required number of elements, with the distributions 
oriented as specified by the injector geometry; e.g., 
Injectors 1 to 4. 

5. Orient elements to achieve a particular mass distri- 
bution (that is, as nearly uniform as possible); e.g., 
Injectors 5 to 8. 

6. Utilize the orientation of step 5 to define the re- 
quired orifice and manifolding geometry. 

It is evident that this procedure will produce a scheme 
which, when coupled with the uniformity criterion for 
controlling mixture-ratio distribution, can provide a quan- 
titative description of the prereaction mass and mixture- 
ratio distributions within a combustion chamber. 
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V. NONREACTIVE-SPRAY PROPERTIES OF RMlR INJECTORS 

A. Mass Distributions Injectors 1 to 3 have not been reproduced here "ecause 
of their marked similarity to that of Injector 4. Although 
real differences do exist, they are minor and would un- 
doubtedly be masked by real effects associated with the 

The composite mass distributions for RMIR Injectors 
4 to 8 are presented in Figs. 16 to 20. The distributions for 

VIEW LOOKING UPSTREAM 

INJECTOR REFERENCE MARK 

FUEL: CORPORAL 
OXIDIZER: SFNA 
MIXTURE RAT10=2.80 

BAFFLE LOCBTION 

- 
INCHES 

IMPINGEMENT-POINT PLANE AT CHAMBER BOUNDARY 

MODEL PLANE AT STATION 4.45 in. 
Gmor,, =0.0786 ib/(sec in.*) AT STATION 16.45 in. 

STATION 2.47 in. 

I 

Fig. 16. Model of axial-mass-flux distribution for RMlR Injector 4 
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V I E W  LOOKING UPSTREAM 

FUEL: CORPORAL 
OXIDIZER: SFNA 

CHAMBER ANGLES INCREASE 
.a( /- CLOCKWISE 

!Y 

IMPINGEMENT-POINT PLANE AT STATION 
0.767 in. 

MODEL PLANE AT STATION 2 . 7 4 7  in. 
Gmox,, - 0 . 0 6 2 7  Ib/(sec i n z )  AT STATION 16.45 In. 

0 I - 
INCHES 

Fig. 17. Model of axial-mass-flux distribution for R M l R  Injector 5 

relatively large variations observed in jet properties (see 
Section V-B). Thus, for purposes of this presentation, it 
can be assumed that the mass distributions of these four 
Corporal-like injectors are characterized by Fig. 16. 

Together with the concept that mass density is propor- 
tional to local flow rate, these data illustrate the substan- 
tial differences between the several composite designs. 
It will be remembered that these designs include: a 
modified Corporal injector (Fig. 16); a model in which 
an attempt was made to achieve uniform axial mass flux 
with the modified Corporal element (Fig. 17); a design 

The parameters achieved by each injection scheme at 
the model plane are indicated in the pertinent Figure. 
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V I E W  LOOKING UPSTREAM 

FUEL: CORf'ORdL 
OXIDIZER: SFNA 

Fig. 18. Model of axial-mass-flux distribution for RMlR Injector 6 

illustrating the attempt to increase element scale for an 
otherwise similar element using the Corpmul propellant 
system (Fig. 18); and designs intended to achieve near- 
uniform axial mass flux at twhelement scales, comparable 
with those used in the Corporal propellant system, but 
designed for the N20,-XZH, propellant system (Figs. 19 
and 20). In all other respects, the engine operating condi- 
tions were identical. Thus, chamber pressure, thrust level, 
thrust-chamber geometry, etc., were constants. 

It should be pointed out that the mass-distribution 
model for Injector 4 (Fig. 16) misrepresents the actual 
distribution to the extent that the model for the element is 

the same as that used for Injector 5, so that the resultant 
momentum line is parallel to the chamber axis (i.e., 
,G = 0), while the actual geometry for the injector predicts 
that /.? = +2"05'. This difference would not be discernible 
in the composite array, so it did not seem that construc- 
tion of a different model for the element was warranted. 

With regard to those designs intended to achieve uni- 
formity, it is noted that these models predict a substantial 
interaction with the chamber wall, even at  the model 
plane, which could presumably modify the gross com- 
bustion effects. However, in the preparation of the original 
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FUEL: N2H4 
OXIDIZER: N204 

MIXTURE RATIO= 1.20 

VIEW LOOKING UPSTREAM 

INJECTOR REFERENCE MARK /- 

Fig. 19. Model of axial-mass-flux distribution for R M l R  Injector 7 

design, all attempts to obtain even a qualitative prediction 
of the effects that might be expected were fruitless. It was 
not even possible to ascertain whether impingement of the 
supposedly mixed and reacting fluids on the wall would 
produce a “hot spot” due to the reaction on the surface 

or, rather, a “cold spot” due to the quenching action of 
the wall. Therefore, prime consideration was given to 
retaining uniformity in element placement and orienta- 
tion, with the intention of evaluating the consequences of 
wall impingement in supplementary investigations. A first 
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FUEL: NzH4 
OXIDIZER: N2O4 
MIXTURE RATIO = 1.20  

VIEW LOOKING UPSTREAM 

IMPINGEMENT-POINT PLANE AT STATION 1.079 in. 0 I 
MODEL PLANE AT STATION 4.449 in. 
G,,,,,e,=0.223 Ib/(sec in.2) AT STATION 16.45 in. 

- 
INCHES 

Fig. 20. Model of axial-mass-flux distribution for RMlR Injector 8 

evaluation of these effects is included in the discussion of 
heat transfer in the chamber, as reported in Ref. 32. 

were added to all injectors, except model 6, to eliminate 
combustion instability (Ref. 8). It is certainly obvious that 
these surfaces modify the local mass distribution, an 
effect which may be particularly noticeable at the cham- 
ber wall. However, it was assumed that the fraction of 

It should also be noted that these models do not attempt 
to describe the effects introduced by the “baffles” that 
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4 DIAMETERS 

IMPINGEMENT POINT 

' p ~ p o 3 , f ~ ~ ~ ; ; ~ ~ ~  MOMENTUM 

(OUTWARD) 
PARALLEL WITH 
CHAMBER AXIS 

Fig. 21. Hydraulic and geometric characteristics of R M l R  Injector 4. (a) Fuel jets. (b) Oxidizer jets. 
(0 Combined flow. (d) Cutaway view of manifold, showing orifice inlets. 

(e) Injector face. (f) Element geometry 
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propellant involved in this interaction was small, and that 
the consequent change in mass distribution would have a 
negligible effect on combustion. It was not possible to 
verify this assumption except in a very cursory way; a few 
isolated tests with Injector 5 (Tests B-871 through B-882 
of Ref. 8) and with the Corporal Injector (Tests B-520 
through B-522 of Ref. 8), where similar experiments were 
made with and without baffles, showed that the baffles did 
not influence the gross performance characteristics. In all 
cases, the baffles were planes parallel to the chamber axis. 
However, their orientation and length varied somewhat 
from injector to injector, as indicated by the dashed 
overlay on the mass-distribution models and in the photo- 
graphs of the several injectors shown in Figs. 21 to 25. 

Finally, it should be noted that the element for Injec- 
tor 8 incorporates a substantial change in element ge- 
ometry in an attempt to decrease G,, , ,  for the element 
while still increasing the flow-rate scale by nearly an 
order of magnitude. As discussed in Ref. 10, this was 
accomplished by increasing the impingement angle from 
45 to 80 deg, and apparently had some merit from the 
standpoint of minimizing combustion length. Insofar as 
the nonreactive properties for the injector are concerned, 
this change is indicated by the change in absolute levels 
of mass flux, by a new model plane, and, to a lesser extent, 
by the spatial configuration of the element. 

B. Jet Properties ond Manifold Effects 

As indicated above, and also in Ref. 1, prediction and 
control of the mass and mixture-ratio distributions of 
sprays produced by impinging streams are completely de- 
pendent on adequate control of jet characteristics. This 
is particularly true with respect to symmetry and simi- 
larity of the velocity profiles and similarity in jet flow 
rates, particularly when the jets are fed from a common 
manifold. Because the mass and mixture-ratio distribu- 
tions of the elements were obtained under laboratory 
conditions utilizing fully developed pipe flow and/or 
relatively quiescent upstream conditions to assure stable 
jets having known dynamic properties, it was essential 
that the evaluated injector designs produce similar jets. 
Considerable effort was expended in monitoring flow 
rates and centerline stagnation pressures for individual 
jets, both before and after their assembly in an injector, 
and in attempting to develop manifolds that \57ould not 
introduce serious defects in these same jet Characteristics. 
Particular emphasis was placed on attempts to achieve 
fully developed turbulent flow at the orifice exit, since 
it had been shown in Ref. 14 that this was a preferable 
flow regime for rocket-engine applications. In all cases, 

the jet characteristics were characterized by, or inferred 
from, measurements obtained with the flat-plate probe 
and the associated techniques described in Ref. 33. 

The jet properties evaluated included (1) centerline- 
stagnation-pressure ratios, 7 (2) symmetry of the velocity 
profile in all cases, (3) flat-plate pressure distributions 
(Ref. 33) for “typical” fuel and oxidizer orifices from each 
injector, (4) the flow rate for each orifice under typical 
manifold conditions, and (5)  superficial jet characteristics 
and stability, verified by high-speed-flash photographs of 
the exit jets. 

In the case of Injectors 1 to 4, it was found that mani- 
fold effects influenced these measurements to a marked 
degree, even though a considerable modification of the 
orifice geometry (relative to the Corporal) had been in- 
corporated in these designs. In fact, these orifices con- 
formed to the geometry recommended by this author in 
Ref. 14 (Le., a length of 20 diameters, with contoured 
entries and a turbulence-inducing wall for the first 5 di- 
ameters), but failed rather miserably in achieving the 
expected results in the initial modification of the Corporal 
manifold. 

The jet-properties data for this first modification (i.e., 
RMIR Injector 1, Serial l), which extended the manifold 
volume only enough to provide approximately the same 
clearance over the modified orifices as that available in 
the Corporal injector, are summarized in Fig. 26. These 
results can be compared with those shown in Fig. 27, 
which presents similar data for the same set of orifices 
individually fed from a relatively quiescent manifold. The 
latter data were obtained by removing the rear section 
of the manifold and supplying the orifices individually 
with a long approach section which formed a low-speed, 
stable, symmetrical velocity profile at the orifice entrance. 
Hence, any modifications of jet properties due to the 
installation process are incorporated in the measurements. 
A comparison of these data“ shows that (1) there is a 
substantial change in jet properties due to the manifold 
effects; (2) the properties of the individually fed jets are 
quite similar; and (3) the gross geometrical properties 
‘The ratio of the centerline stagnation pressure produced by a free 
jet to the centerline stagnation pressure that would have been pro- 
duced by a jet having the same flow rate but a uniform velocity 
profile. This ratio is expressed here as ‘2 / ~ 1 , ~ .  

“It shonltl be noted that only variations in centerline stagnation 
pressure from orifice to orifice for constant manifold and/or up- 
stream conditions are presented here; these do not compensate for 
variations in individual orifice flow rates, as is the case in subse- 
quent Figures. Note also, however, that Fig. 27 implies very uni- 
form flo\v rates, as \vel1 as similar velocity profiles for individual 
orifices, so that Fig. 26 truly represents a manifold effect. 
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2801f 
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0.0986 in. ’ 

‘L IMPINGEMENT POINT 
RESULTANT MOMENTUM Llh 

PARALLEL WITH CHAMBER 1 A X I S ( B = O o )  

Fig. 22. Hydraulic and geometric characteristics of R M l R  Injector 5. (a) Fuel jets. (b) Oxidizer jets. 
(c) Combined flow. (d) Manifold configuration. (el Injector face. 

(f) Element geometry 
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RESULTANT MOMENTUM LINE 
?ARALLEL A X I S l p = O o l  W I T H  CHAMBER 
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Fig. 23. Hydraulic and geometric characteristics of R M I R  injector 6. (a) Fuel jets. (b) Oxidizer jets. 
(c) Combined flow. (d) Manifold configuration. (el Injector face. 

(f) Element geometry 
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0.173 In. 

I LIMPINGEMENT POINT 

Fig. 24. Hydraulic and geometric characteristics of R M l R  Injector 7. (a) Fuel jets. (b) Oxidizer jets. 
(c) Combined flow. (d) Manifold configuration. (e) Injector face, showing 

baffles. (f) Element geometry 
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Fig. 25. Hydraulic and geometric characteristics of R M l R  Injector 8. (a) Fuel jets. (b) Oxidizer jets. 
(c) Combined flow. (d) Manifold configuration. (el Injector face, showing 

baffles. (f) Element geometry 
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14 e OUTER ROW OF ORIFICES 

INNER ROW OF ORIFICES 
OXIDIZER ORIFICES 

FEED PRESSURE = 2 
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26 14 

ORIFICE POSITION 
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APPROACH SECTION 
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MOM EN T U M 
FOR 1'213 

Fig. 26. Jet properties of RMlR Injector 1 
with Corporal manifold 

iL=033 FOR FIRST 
IO DIAMETERS w OF ORIFICE BORE 

Fig. 27. Jet properties of individually fed orifices 
for RMIR Injector 1 
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of the manifold design have a marked influence on these 
same jet properties, even though no distinction is made 
in these data between velocity-profile effects and vari- 
ations in individual flow rates. An attempt to illustrate 
the latter effect is represented by the phantom sketch 
of the manifold inlets superimposed on the graph in 
Fig. 26. I t  seems fairly obvious, at  least with respect to 
the oxidizer manifold, that the centerline stagnation pres- 
sures are maximum in the manifold regions where one 
would expect a stagnation zone (specifically, immediately 
below the main entrance tube and at the exits of both 
side branches), and even the gradual increase that one 
might expect as the flow approaches the plane of sym- 
metry on the side opposite the inlet is apparent. In the 
fuel manifold, a substantial nonsymmetry is apparent, 
but even more significant is the fact that, in general, the 
entire inner row of orifices is characterized by a relatively 
low centerline stagnation pressure: i.e., a nons\-mmetrical, 
unstable (progressively changing) velocity profile. The 
nons>-mmetry can probably be attributed to the curvature 
in the upstream piping, but there seems to be no rational 
explanation for the differences between the inner and 
outer rows, other than that they result from a very com- 
plex manifold flow; as will be seen, this characteristic 

BAFFLE PLATE- 
I 

OF ORIFICE B O R E  -3661 8n ____)( 

I 7 &p = 3O42' 

WOMENTUM, I = 2 80 
RESULTANT 

was never really eliminated in the subsequent modifica- 
tions of the manifold. 

In an effort to achieve the intended jet properties for 
the four Corporal-like injectors, a substantial develop- 
ment of the manifold was undertaken. This resulted fi- 
nally in the compromise solution indicated in the sketch 
and exploded assembly photograph of Fig. 28. The prop- 
erties of the Corporal-like injectors (identified as units 1 
to 4) were evaluated with this manifold. It can be seen 
from the data presented in Figs. 29 to 32 that this final 
version of the manifold, together with the orifice design, 
produced a system in which flow rates for individual 
orifices, after installation in the injector, varied by as 
much as 5% (fuel orifices of Injector 2) and, in isolated 
instances, even exceeded that value. In no case was the 
maximum variation less than 3% (e.g., Injector 3 ) ,  even 
though the flow rate variation prior to installation rarely 
exceeded 2% for the oxidizer orifices and 3% for the fuel 
orifices. In addition, the centerline-stagnation-pressure 
ratios showed variations exceeding 10% of the mean, 
which, in all instances, were decreased substantially when 
the injectors were fed by a quiescent upstream system. 
It is evident that this degradation of the velocity profile 

iNCHES 

Fig. 28. Manifold and typical orifice geometry for RMlR Corporal-like injectors 
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Fig. 29. Properties of jets for RMIR Injector 1 with modified manifold 
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Fig. 30. Properties of jets for RMlR Injector 2 with modified manifold 
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Fig. 31. Properties of jets for R M l R  Injector 3 with modified manifold 
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Fig. 32. Properties of jets for RMlR Injector 4 with modified manifold 
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Parameter 

Manifold pressure, psi 

Discharge pressure, psi 

is less noticeable in the oxidizer manifold than in the 
fuel manifold, ranging from 5.4 to 10% in the former and 
from 11.2 to 16% in the latter. 

Injector 5 Injector 7 Injector 8 Injector 8, M o d  I' 
~ 

Fuel Oxidizer Fuel Oxidizer Fuel Fuel Oxidizer Oxidizer 

60 30 195 195 313 320 142 
Ambient Ambient Ambient Ambient 120 120 Ambient 

The experimental data showing symmetry and simi- 
larity of the jet velocity profiles have not been reproduced 
here, since, in general, the nonconformance of p / , p o  to 
the value expected, as taken from Ref. 14 or from data 
in the literature (for example, Ref. 34) for fully devel- 
oped turbulent flow, indicated a nonsymmetrical velocity 
profile. 

Discharge coefficient, overall 
Discharge coefficient for Reynolds 

number ranqe 

It  was therefore concluded that, in general, the 
Corporal-like injector designs failed to produce the de- 
sired jet properties. Further, it was not possible to devise 
a scheme for quantitative evaluation of the effects of these 
variations on the mass and mixture-ratio distributions 
produced by these injectors. However, even though it was 
quite clear from the data of Ref. 1 that symmetry and 
similarity of velocity profiles are significant and are super- 
imposed on variations due to discrepancies between pre- 
dicted and actual flow rates, it was concluded that a 
meaningful combustion experiment could be performed 
with this design and that, in the event that improved 
injection control appeared warranted, then a complete re- 
design of this particular configuration would be justified. 

0.50 < Cd < 0.55 0 49 < Ce < 0.53 0.50 < C,r < 0.54 Ca Y 0.62 
4 X 10' < Re < 1.5 X los 4 X 10' < Re < 1.5 X los 10' < Re < 4 X los Re 3 X 10' 

In an effort to circumvent these problems, three of 
the subsequent designs (Injectors 5, 7, and 8 in its final 
version) utilized relatively long orifices connected to rela- 
tively simple manifolds by flexible tubes. For Injectors 5 
and 7, the orifices were 100 diameters long; for Injec- 
tor 8 they were 50 diameters long. As indicated in Figs. 22 
and 24 (which include inset photographs of Injectors 5 
and 7), this technique resulted in a Medusa-like appear- 
ance of the upstream plumbing system; however, the 
conditions achieved on the combustion-chamber side 
were uniformly predictable and, as nearly as could be 
determined, gave the required jet properties. As in the 
Corporal-like injectors, the data obtained included 
the centerline-stagnation-pressure ratios, flow rates, and 
flat-plate pressure distributions for individual orifices fed 
by the actual manifold. However, it was found in this 
case that the jet properties were, within experimental 
accuracies, those that would have been predicted for fully 
developed turbulent flow (Ref. 14). These experimental 
data are summarized in Table 2. 

Nominal pL / P O  

Symmetry criterion? yo p c  

Maximum departure from nominal, Y. 

In the case of Injector 6 (Fig. 23), a rather ambitious 
attempt to produce the desired jet properties with a some- 
what more sophisticated manifold was only partially suc- 
cessful. This effort was prompted by a desire to minimize 
the length of the large oxidizer orifices (approximately 
0.50 in. in diameter), which, for L / d  = 100, would have 

1.505 1.450 1.375 1.376 1.441 1.431 1.33 
-t 1.0 k 0.7 + 4.00 -t 2.47 + 2.0 -t 9.6 k l . 0  

0.8 2.5 1.2 1.05 10.9 14.7 10 

- 1.81 - 2.00 -2.1 -6.9 

Table 2. Hydraulic properties of orifices for R M l R  Injectors 5 , 7 ,  and 8 

RMlR Injectors 

Nominal flow rate, Ib/sec n: 1 1 ::.'4 1 1 k 0 . 5  5.00 
Maximum departure from nominal, Yo 

-4.6 -4.4 - 3.0 -5.6 

46 



JPL TECHNICAL REPORT NO. 32-255, PART I 

been some 50 in. long. Another objective was to demon- 
strate the suitability of some of the manifolding concepts 
that had been evolved in the effort expended on the 
Corporal-like injectors. In particular, it was believed that 
many of the difficulties associated with the Corporal-like 
manifold could be eliminated if axial symmetry in a rela- 
tively quiescent inlet flow could be achieved. The sug- 
gestions presented in Ref. 14 for minimizing orifice 
lengths would then be applicable and, if all this could 
be achieved with reasonable manifold volumes, it might 
be possible to demonstrate a geometry that could be 
applied to flight design. 

The final configuration intended to satisfy these several 
objectives, as well as the requirements for mass and 
mixture-ratio distribution outlined in Section 111, is pre- 
sented in Fig. 2.3. It is seen that, in both oxidizer and fuel 
systems, the so-called caned turn has been utilized: in 
the oxidizer system as an integral part of the orifice, and 
in the fuel system as part of the upstream manifold. In 
addition, baffle plates and screens were incorporated 
in both diffusers, and hemispherical screens were mounted 
over the orifice inlets in an effort to approximate a truly 
quiescent %ow at the orifice inlet. As suggested in Ref. 14, 
the orifices included contoured entries, turbulence- 
inducing sections in the initial 5 diameters, and a total 
length of at least 20 diameters. That this approach was 
only partially successful is indicated by the data in 
Table 3, which summarizes the properties of these jets. 

With regard to the vaned turns incorporated here (and 
also in the initial configuration of Injector 8) ,  it may be 
pertinent to note that a search of the literature failed to 
provide any design information for such a device. How- 
ever, intuition suggested that the influence of the bend 
could be dissipated in a relatively short downstream 
length if (1) the velocity profile approaching the turn 
was uniform, (2) the pressure drop across each of several 
essentially rectangular passages (formed by inserting 
vanes along chordal planes parallel to the flow) was the 
same for a given velocity, and (3) the height dimension 
of the passage was perpendicular to the plane of the 
bend and small relative to the diameter of the tube. A 
subsequent evaluation of several different geometries 
showed that reasonable jet properties could be achieved 
with approximately 5 diameters of tube downstream from 
a mitered 45-deg bend containing five passageways char- 
acterized by the same hydraulic radiuss and extending 
upstream a distance equivalcnt to 8 hydraulic radii and 
downstream a distance equivalent to 40 hydraulic radii. 

'Hydraulic radius is defined as passage area/wetted perimeter; 
thus, in a circular pipe, Rh = d / 4 .  

This is the geometry illustrated in Fig. 33, which also 
shows its embodiment in the actual oxidizer orifices for 
Injectors 6 and 8. 

The influence of the bend on the velocity profile of the 
jet produced by such a device can be inferred from 
the flat-plate pressure distributions shown in Fig. 34. 
Here, data for a typical mitered elbow with and without 
vanes are compared with a similar distribution produced 
by a straight orifice of the same length. As might be 
expected, the velocity profile downstream of the bend 
without vanes is highly distorted, and the installation 
of the vanes produces a near-normal jet that is only 
slightly nonsymmetrical in the plane of the bend. As in 
the case of the Corporal-like injectors, this distortion was 
accepted for the initial evaluation, since it was found 
that variations introduced by the manifolds were of the 
same approximate magnitude as those produced by 
the bend. 

LMy= 10dq 

Fig. 33. Mitered and waned turn (45 deg) 

Unfortunately, these efforts served only to verify the 
experiences associated with the Corporal-like injectors, 
indicating that adequate control of jet characteristics is 
completely dependent on the elimination of manifold 
effects, and that the attainment of truly quiescent con- 
ditions at the entranr;e of the orifice is extremely difficult 
in the minimal manifold volumes desired for flight appli- 
cations. 
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1-0  2 - 0  3-0 4-0  5 - 0  

Table 3. Hydraulic properties of RMlR Injector 6 

6-0 1 -F 2-F 1 3-F 4-F 5-F 6-F 

Supply pressure, psi 
Flow rate, Ib/sec 
w / w a " e  

P e 
Symmetrycriterion:%Pt 

Test conditions and 
geometry 

120 120 120 I 120 120 4;;o 
2.66 2.72 2.56 2.69 2.52 2.73 
1.005 1.028 0.968 1.017 0.953 1.032 
1.38 1.33 1.30 1.38 1.31 1.36 
0.6 2.9 0.7 2.4 4.9 

1. Fuel orifices separately fed from 55 diameters of 1.1-in.- 
ID tube. 

2. After assembly in manifold, orifices calibrated with am- 
bient discharge pressure; 0.73 < C d  (overall) < 0.79 for 
10' < Re < 4 X lo5. 

70 70 70 70 70 70 
3.50 3.50 3.48 3.45 3.50 3.44 
1.006 1.006 1.000 0.992 1.006 0.989 
1.34 1.40 1.44 1.33 1.48 1.30 
4.9 13.2 11.8 3.6 16.6 10.4 

1. Oxidizer orifices separately fed from 85 diameters of 

2. After assembly in manifold, orifices calibrated with 25-psi 
0.59 

3. A 45-deg vaned and mitered turn incorporated in orifices. 

'/2-in.-ID tube. 

bock pressure lo prevent cavitation; Cd (overall) 
for 10' < Re < 3 X 10'. 

Overall test conditions 
1. Test fluid: HzO. 
2. Stagnation pressures and pressure distributions taken with flat-plate probe at a point 4 diameters from orifice exit (Ref. 33). 
3. Orifice geometry as shown in Table 1 and Fig. 23. 

I (Po + P, + PlM + P*,J R=1,0/4iJ 

2 .o 

1.6 

I .  2 

0.8 

0.4 

0 

--TI-- 

L/d = 50 A c\ L / d  = 50 

A 

t B W I T H  5 VANES 

L/d  = 15 

I -' A 
WITHOUT - wc VANES - 

8 WITHOUT VANES 

L E C L E R C ' S  ELECTRICAL 

8 
WITHOUT C 

1 VANES STRAIGHT 

OR 
WITH 5 VANES 

I 
TEST FLUID: H,O 

ORIFICE D IAMETER = 0.524 in. 
LENGTH OF FREE J E T  = 4 D I A M E T E R S  
a = 90° 

ANALOG OF UNIFORM 
VELOC 1TY P R O F  I L E  

I I I 
0 0.4 0.8 1.2 1.6 2 .0  2.4 ?.e 

Fig. 34. Influence of 45-deg mitered and vaned turnon flat-plate pressure distribution produced by a free-liquid jet 
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In an effort to minimize orifice length, the vaned turn 
was also utilized for Injector 8 (Fig. 25). However, in 
the course of the combustion evaluation, it became nec- 
essary to replace the oxidizer orifices with 55-diameter- 
long tubes coupled to relatively long flex lines, in an 
attempt to eliminate certain spurious combustion effects 
(Ref. 8). As noted therein, for a part of the performance 
evaluation, the jets were formed from fully developed 
turbulent pipe flow without any apparent change in gross 
operating characteristics. The pertinent properties of the 
jets produced by these several configurations are in- 
cluded in Table 2. 

C. Superficial Jet Properties 

High-speed-flash photographs (exposed for approxi- 
mately 2.0 psec) were taken of water jets formed by 
Injectors 1 to 8, in order to ascertain their superficial 
characteristics and verify their directional stability. It was 

impossible, by this technique, to difTerentiate these jets 
from those produced by fully developed turbulent flow, 
as illustrated in Ref. 14 for comparable Reynolds num- 
bers. Typical photographs of the injectors, with both 
separate and combined flows through each set of orifices, 
are presented in Figs. 21 to 25. In all cases, the flow rates 
were substantially reduced from design levels in order 
to improve the clarity of the photographs. Only in the 
case of the Cmporal injector (Fig. 3) was there any clear- 
cut evidence of the manifold effects that became apparent 
in the other measurements. Also, the excellent directional 
control achieved in the fully developed turbulent flow 
produced by Injectors 5 and 7 is clearly illustrated by the 
impingement of jets in conformance with centerline geom- 
etry at distances approaching 100 diameters from the 
orifice exit. (These are, of course, jets that simulate the 
same propellant, since impingement of a propellant with 
its “unlike” mate normally occurs much closer to the 
injector face.) 

VI. SUMMARY AND CONCLUDING REMARKS 

A logical injector design procedure based in part on 
the properties of nonreactive sprays produced by a pair 
of unlike impinging streams was utilized in the design of 
a series of eight different injectors. A technique for defin- 
ing in a quantitative sense the mass distribution of sprays 
was developed and used in describing the mass distribu- 
tions that characterized this series of multi-element injec- 
tion schemes. The properties of the jets produced by each 
injector design were evaluated and are summarized 
herein. 

This investigation resulted in the following conclusions: 

1. The usual injector manifold can have an overwhelm- 
ing influence on the properties of the jets produced 
by the usual injector orifice. Thus, if the injection 
scheme is to be controlled, predictable, or even 
reproducible on a local basis, it is essential that 
manifold effects be controlled or eliminated. 

2. In application to item 1, above, the recommendations 
of Ref. 14 with regard to orifice geometry are in- 
adequate to control jet properties unless the orifice 
is supplied with a relatively quiescent inlet flow. 
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NOMENCLATURE 

area, in.' 

tube area = 0.0227 in.' 

area represented by sample, in.' 

characteristic exhaust velocity, ft/sec 
= ( p c A t g ) / &  

equilibrium c' at indicated r, ft/sec 

discharge coefficient 

nozzle thrust coefficient 

diameter, in. 

equivalent diameter, in. 

optical density of photographic emulsion 

thrust, Ibf 

local gravitational acceleration, taken as 32.17 
ft/sec2 

local flow rate per unit area, lb/(sec in.') 

specific impulse, sec 

area correction factor = A,/A,, 

length, or distance from impingement point, in. 

characteristic length of combustion chamber, in. 

number of samples in which + < +,, 
number of samples in which + > +(, 

(i.e., + designated as $) 

number of injector elements 

pressure, psi 

momentum per second = (&,!V)/g 

mixture ratio = zi.L'cl/wlrl 

mixture ratio which satisfies uniformity criterion 

radius, in. 

hydraulic radius, in. 

time, sec 

transmission, or relative optical transmittance of 
photographic emulsion (1/T = opacity) 

mean velocity, ft/sec 

= log (l/T) 

total flow rate of spray = (Glel + 
lb/sec 

total local flow rate of spray 
= (GIs + Wzs) 0 , R ,  lb/sec 
impingement angle: total angle included between 
stream centerlines, deg 

complement of true angle between resultant mo- 
mentum line and a plane perpendicular to cham- 
ber axis, deg 

specific heat ratio 

density of fluid, lb/cu ft 

nozzle-contraction area ratio 

nozzle-expansion area ratio 

mixing factor (from Ref. 2) 

- 
" KWS ($0 - 7) 1) 

+ 7 (sK&,) (+o - 1) 
angle of rotation about resultant momentum line, 
taken from arbitrary reference position usually 
designated as 0 when aligned with the fuel orifice, 

nozzle-divergence loss factor 

true angle between resultant momentum line and 
path of particle, deg 

true angle between resultant momentum line and 
bisector of jet centerlines (taken as positive when 
bisector is rotated clockwise in relation to result- 
ant momentum line), deg 
local mass-fraction ratio of spray 

nominal mass-fraction ratio of spray 

solid angle of spherical segment of sample, deg 

roughness factor of surface, defined as height of 
projection divided by radius 

deg 

- 
- [&8/(2i)ll + &\)IO,,< 

=z ~ L e / / ( G i r /  + & L e / )  

Subscripts 

0 

1 

2 

reference value or ambient pressure 

first component of spray (simulated fuel) 

second component of spray (simulated oxidizer) 
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NOMENCLATURE (Cont’dl 

aue average mp model plane 

B boundary p plane 

c chamber pD value proportional to D,,, (on a plane) 

DN downstream R radial distance 

e8 effective 

el element 

exp experimental 

i ,  i, k ith, jth, kth values in a series 

rn mixing 

m x  maximum 

s sample 

t throat 

th theoretical 

UP upstream 

z along resultant momentum line 

min minimum w water 
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